Probiotic bacteria are live microorganisms that, when administered in adequate amounts, confer a health benefit on the host. There is a growing interest in probiotics within the scientific community, with consumers, and in the food industry.
Introduction
Probiotics are defined as live microorganisms that, when administered in adequate amounts, confer a health benefit on the host (1) . The first written documentation of the healthpromoting effect of probiotics can be found in the Persian bible, in which Genesis 18:8 states that Abraham owned his longevity to the daily consumption of fermented milk products. The scientific literature on probiotics starts with Metchnikoff (2) , which incidentally also dealt with longevity. His hypothesis was that ingestion of lactic-acid-producing bacteria as yogurt in Ukrainia was the protective factor enhancing longevity. Coincidentally, in Paris, a physician reported that healthy breast fedbabies carried a Y-shaped gut microbe absent in formula-fed babies suffering from diarrhea. He hypothesized that this "Bifidus" was a "good" (protective) microbe. At that time, life expectancy in Europe was 51 y for men and 53 y for women. Today, life expectancy is 74 for men and 80 for women. The 23-to 27-y gain in life expectancy in the past century is the combined result of better hygiene, better housing, feeding, and clothing, and less physically demanding labor. Also, a better control of infectious diseases through many of these previous factors, through vaccination, and through antibiotics and the general improvement in preventive and curative medicine has contributed to this gain. With all these variables, direct proof for the first part of Metchnikoff's hypothesis still is lacking. As far as the second part of his hypothesis is concerned, probiotic bacteria do have the ability to interfere with growth of members of the intestinal microbiota and thus may have the ability to contribute to a better control of infectious diseases and as such promote a "healthy life."
The basic definition of probiotics, although adequate, is not sufficiently detailed to allow for an unbiased use of probiotics in the various fields of application. This especially holds true when effects of different probiotics are compared on diverse physiological and pathological processes including metabolism, infection, chronic intestinal disorders, and allergy, among other potential effects. It is impossible to extrapolate results obtained with a given probiotic strain to other strains, or to extrapolate beneficial effects of 1 strain in a particular health area to other benefits. Probiotic microorganisms are, by definition, alive at the moment of administration. Little data exist on viability of probiotic bacteria in the various parts of the human intestine, but many strains currently used as probiotics have a documented ability to survive transiently in the human gut and are recovered alive in feces (3) (4) (5) (6) (7) (8) (9) (10) . Some effects of probiotics may be bound to their metabolic activity (11) . However, other effects of probiotics may not necessarily require active replication of the strain in situ, as they may be mediated, for example, by bacterial DNA or cell wall components.
Although the mechanisms of action of probiotics are largely unknown at the molecular level, a probiotic can act (Fig. 1 ) in a number of ways, including the following: 1) Within the gut lumen by direct interaction with the complex ecosystem of the gut microbiota. Probiotics can also have a direct metabolic effect in the gut by providing enzymatic activities; 2) by interaction with the gut mucus and the epithelium, including barrier effects, digestive processes, mucosal immune system, and enteric nervous system; and 3) through signaling to the host beyond the gut to the liver, systemic immune system, and other potential organs such as the brain.
Most of these effects have been established in animal models or in vitro assays, but in humans direct demonstration of effects of probiotics on relevant biomarkers is limited.
Probiotic science is a rapidly expanding field and still relatively young. By the end of 2009 there were 5466 publications in the PubMed database, of which .28% (1571) were reviews. For comparison, the search term "antibiotics" yields 506,706 publications of which 8% (43,323) are reviews. Clearly, the field of probiotics does not suffer from lack of reviews but from insufficient original research.
An international expert group from ILSI set out to define recommendations for the next generation of studies and conducted an extensive literature analysis with the aims to 1) establish the state of the art in selected benefit areas; 2) identify gaps in the methodology to demonstrate the functionality of probiotics; and 3) provide recommendations of best-practice approaches to substantiate the health benefits of probiotics.
The analysis was restricted to the use of probiotics in humans ( Table 1) , although probiotics for use in animal husbandry has been extensively researched and represents a considerable field of interest. Data from animal experiments were included in the analysis only when they shed a light on the mechanism of action of the probiotic strains or when they were used to conduct experimental studies that are unethical in humans. Furthermore, we decided to focus their evaluation on 4 documented areas of application, i.e., metabolism, infections, inflammatory bowel diseases and irritable bowel syndrome, and allergy. We collected clinical studies on probiotics using PubMed as the source of information, and key words with on 1 hand descriptors for probiotic(s) [probiotic(s), lactic bacteria, yog(h) urt, fermented milk(s)], and on the other hand, specific descriptors for each topic: metabolism (metabolism, carbohydrates, lactose, lipids, xenobiotics, phytoestrogens, oxalate), infections [(infectious) diarrhea, traveler's diarrhea, antibiotic-associated diarrhea, Clostridium difficile, respiratory, otitis, pharyngitis, Helicobacter pylori, necrotizing enterocolitis, critically ill, surgical patients], IBS, IBDs (inflammatory bowel diseases, Crohn's disease, ulcerative colitis, pouchitis), and allergy (allergic disease, allergic rhinitis, allergic rhinoconjunctivitis, allergy, asthma, atopic disease, atopic eczema, eczema, food allergy). The search was conducted from January 2000 to October 2008 except for lactose, where most studies have been reported before 2000.
The summary of each study is tabled on a separate document available as accompanying online material on the website of The Journal of Nutrition. Summary tables indicating the current level of evidence for effects of probiotics applying the criteria for evidence-based medicine (12) are included in the separate section papers (13) (14) (15) (16) .
This report focused on the scientific definition of products, and to avoid potential conflict of interest, every commercial name or brand name was deleted and replaced by the name of the strains included in the product.
The document was split into 5 parts, with 1 general introduction, including conclusions that were common to the 4 core papers, and 4 core papers dealing with 1 specific target for probiotic benefit.
General gaps and recommendations
Probiotics and their benefits are an area of intensive research in different domains. Even though well-conducted and wellfocused clinical studies have started to appear [discussed in this supplement (13) (14) (15) (16) ], this area of probiotic research is still in its "infancy." Yet, clear-cut positive and negative results have now been obtained that may help to refine and focus ongoing and further research. Many human data are available on the 4 benefit areas selected by the expert groups, which made it possible to come up with conclusions and recommendations. Most of them are applicable to the 4 topics, although some of them, reported at the end of each chapter, are specific to 1 domain (13) (14) (15) (16) .
It should be kept in mind that functional foods, although their mode of action is complex, may provide an alternative to the pharmacological approach in patients who require lifetime treatment and/or suffer from serious side effects or drug resistance development.
We have identified several key points that need to be acknowledged to be able to appreciate the existing evidence and that need to be addressed to stimulate progress in substantiation of probiotics efficacy.
Because the effect size of nutritional intervention studies is recognized to be smaller than those of classical drug trials (17, 18) , confounding factors such as diet and lifestyle are expected to have a relatively bigger impact and thus potentially mask the exerted benefit (19) . In addition, many of the conditions typically targeted in probiotic research, such as those evaluated by this Expert Group, cover multiple manifestations of closely related interdependent dysfunctions leading to a syndrome, rather than monocausal, single-symptom conditions. It is therefore of great importance to better define study populations, carefully design study protocols (including diet and lifestyle as potential confounders), and better characterize probiotic strains, such that future studies will increase our understanding of the field and will be able to help realize the great potential of probiotics.
Identification of target and study population. Assessment of the functionality of probiotics should ideally be performed directly in the target population, which may be either the general population or a subgroup of subjects with a given condition. In designing a probiotic study for, e.g., risk reduction for a certain infection, the investigator(s) must realize that within the healthy population variation will exist in immune status, ranging from fully immunocompetent to a certain degree of immunodeficiency (suboptimal health state) (20) . This scale will be gradual, and thus it will be difficult to mark clearly the border between these states (Fig. 2) . In such a model, the projected functionality of probiotics in risk reduction of infection would mainly be measurable in the segment of the population with a suboptimal immune function, whereas the effect may be undetectable in the fully immunocompetent subjects (Fig. 2) . The impact of the gut microbiota on human health is increasingly recognized nowadays. Yet, it has not been established to date to what extent differences in microbiota composition and/or function of the studied subjects may have influenced the results of similar clinical trials. Therefore, a better characterization of the microbiota of the study population, relying on the highthroughput technologies under development, could become an important addition to future trials.
Probiotics may impact different pathways to end up in an integrated functional benefit or in modulating different risk factors. Therefore, the selection of the adequate study population should take into account the global physiology. The link between the recorded risk factors and their role in the disease 
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by guest on October 14, 2017 jn.nutrition.org development/maintenance of a healthy state should be described. To achieve this we might benefit from new tools such as -omics technologies that will contribute to better define biomarkers or surrogate markers for healthy, at-risk, or (transiently) diseased subjects. It is generally recognized that the influence of nutrition on health is characterized by small effects over a long period of time. It is necessary to be able to extrapolate from a small study population to the overall target group. This extrapolation may be carried on the basis of relevant epidemiological background data as well as interaction and intervention modeling methods.
Considerations for protocol design. The objective of a clinical study on probiotics is to demonstrate either a significant improvement of a clinical condition or a reduction of a risk factor. This objective holds true for clinicians as well as for consumers. When changes are relatively small, this would require either a very large population or quite a long trial, as is the case, for example, for allergies. Therefore, surrogate markers of endpoints are commonly used in clinical trials. Most often the markers used in probiotics studies were not validated surrogate markers. For example, several studies have been reporting a stimulating effect of probiotics on components of the innate immune system including natural killer cell activity or phagocytosis (21) . However, the correlation of these biomarkers with a clinical endpoint, e.g., resistance against infections, has not consistently been explored. To advance our knowledge on the working mechanisms of probiotics, and to increase our understanding of the role of various biomarkers in a number of health conditions, it is essential that more probiotic studies incorporate both clinical outcomes and measurement of biomarkers.
Background diet. Most studies excluded other potential active microorganisms from the diet of the tested subjects during run-in and/or wash-out periods. Potential dietary components that may bias the effect of the probiotics being explored must be reported or standardized in the diets of both the control and the probiotic group; e.g., the amount of saturated fat or cholesterol when exploring the efficacy of a potential probiotic on blood lipids, or the amount of indigestible carbohydrates when measuring the breath test response to a lactose load. Product effects. Most recent studies clearly described the tested probiotics, but did not describe the food matrix composition or general processing, whose impact has not been extensively studied in human trials. This can interfere with the efficacy of the probiotic in terms of viability, stability, and the quantity of active biocompounds that are responsible for the studied health effect. The most documented example is the deleterious effect of heatprocess treatment on the ability of yogurt cultures to break down lactose (22) .
Probiotic strain selection and characterization. The ILSI Europe Task Force and Expert Group on Probiotics agreed with the conclusion of the International Organization for Standardization (ISO) joint action team on probiotics that the strainspecific benefits of probiotics emphasize the need for proper strain identification (23) .
For strain identification, different molecular microbiological typing techniques may be applied such as pulsed-field gel electrophoresis, amplified fragment-length polymorphism, or mulltilocus sequence typing. At the International Dairy Federation, efforts have been undertaken to establish 1 of these techniques as a standardized ISO/IDF method for unambiguous strain identification. The techniques mentioned generate a "fingerprint" of a particular bacterial strain. Nevertheless, molecular fingerprinting does not provide detailed information on structure or sequence of functionality-encoding genes. Therefore, strains that appear different on molecular typing may carry the same or different functionality-encoding genes (Fig. 3) . With a few exceptions (24) (25) (26) (27) (28) , the genes that determine the health benefit delivered by specific probiotic strains have not been identified to date. Genome comparison of strains belonging to the same species but that differ in functionality or are nonfunctional may help in identifying key genes involved in the interaction with the host. With this information in hand, genetic approaches, i.e., knock-out and knock-in of candidate genes, will contribute to definitively attributing a role to purported functionality-encoding genes. In addition, efforts remain to be invested in the identification of bioactive compounds of strains with a proven health benefit.
Selection of strains should be based not solely on molecular typing and comparison of different strains but also on metabolic characterization as well as the metabolic consequences of interactions with the matrix, with the background diet, and with the host.
Growth conditions and biological/physiological state of the probiotics strains may modulate their metabolic capacity in the human gut or their impact on the interaction with the host as illustrated in the work of van Baarlen et al. (29) . This is an important area for future research and should be better recorded (23) .
In addition, there is a need to invest more efforts to delineate the predictive value of in vitro assays and animal models. This in turn will improve the selection of candidate probiotic strains to be included in clinical trials. It might be argued that a number of published clinical trials have failed because of poor prior selection of the probiotic strain and of a limited capacity to mimic in preclinical assays surrogate models for different diseases, risk factors, or syndromes. These pilot (small-scale) human trials would allow benchmarking of candidate probiotic strains and studying mechanisms of actions in humans.
Metaanalyses should be applied with caution Metaanalyses are powerful tools to explore and strengthen the scientific evidence; however, this statistical tool must be used wisely. When a metaanalysis pools data on different probiotics (efficacious and nonefficacious), different conditions, and dif-FIGURE 3 Molecular fingerprinting of probiotic strains. In this hypothetical example strain A would be a proven effective probiotic strain because of expression of the functionality encoding gene feg and a given molecular fingerprint. Strain B lacks this feg gene and has a different fingerprinting pattern than strain A. Strain C, however, does express the feg gene with a "nonfunctional" fingerprint, and strain D has an identical fingerprint as strain A but lacks the feg gene.
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by guest on October 14, 2017 jn.nutrition.org ferent patient characteristics, the result can only be an average noneffect because of the heterogeneity of benefits and probiotics included in the metaanalysis. Alternatively, metaanalyses can point toward generic activities of bacteria rather than the discrete function of 1 particular strain. Schematically, a metaanalysis can be designed to aim at a variety of targets for various purposes:
Compiling the results of trials exploring the effect of the same microorganism on a specific condition. This makes it possible to confirm the efficacy of that given probiotic on that condition and to explore the variability of the effects among different study groups. Comparing the effect of different candidates on the same specific benefit ending in: 1) Identification of 1 (or a cluster of) "active" probiotic(s) on that specific benefit, and 1 (or a cluster of) "nonactive" microorganism(s) on that condition illustrating the specificity of some probiotics; 2) Identification of different strains within a species that are able to provide a similar benefit; 3) Theoretically, when all tested strains and species have a similar beneficial effect, this could point toward a "generic" bacterial benefit. Thus far this has not been found with the possible exception of necrotizing enterocolitis (30) . Most of the time the aggregate results of all tested probiotics, active and nonactive together, are nonsignificant, highlighting the fact that there is no "generic" benefit common to all probiotics. Therefore, it is important, when using and designing a metaanalysis, to identify the objective and accordingly to select the right inclusion criteria to achieve useful conclusions.
General conclusions
In conclusion, to demonstrate that a strain is able to provide a given benefit, and therefore be recognized as a probiotic, the following are needed:
Identify the tested strain and give a fair description of the food matrix or probiotic carrier as well as an indication of the process used to make the product tested in clinical trials. This will help to assess the totality of evidence for a given probiotic. Conduct human intervention studies according to good clinical practices, which include monitoring and reporting on confounding factors, e.g., ingestion of other potentially active microorganisms, dietary components, drugs, or lifestyle that may interfere with the explored benefit. When available, use a protocol that has been able to discriminate between an active and an inactive strain for that specific benefit: similar design, number of subjects, and duration. In the near future, that will become more and more accessible. Harmonize the way results are expressed. Different teams using similar markers have expressed the results of their trials in different ways. For example, the effect of probiotics on lactose absorption has been measured by the breath test technique by different teams. Results are expressed either by the area under the curve or the peak hydrogen concentration or the slope of the increase in hydrogen concentration and compared either to a standard nonabsorbable carbohydrate (lactulose) or to milk or to another control product. This does not ease the comparison of the different strains tested by different teams. Use metaanalyses to distinguish between (clusters of) active and nonactive strains on a given benefit and in compiling data on a given probiotic for a specific benefit. Carefully select and define the target population to be able to detect efficiently the benefit (e.g., lactose absorption in lactose malabsorbers, reduction of hypercholesterolemia, reduction of diarrhea) and to further extrapolate to the general population.
